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Sangryun Lee and Seunghwa Ryu*
Department of Mechanical Engineering, Korea Advanced Institute of Science and Technology, Daejeon, South Korea
The distributed plasticity of pentatwinned silver nanowires has been revealed in recent
computational and experimental studies. However, the molecular dynamics (MD) simula-
tions have not considered the imperfections seen in experiments, such as irregular surface
undulations, the high aspect ratio of nanowires, and the stiffness of loading devices. In
this work, we report the effect of such inherent imperfections on the distributed plasticity
of penta-twinned silver nanowires in MD simulations. We find that the distributed plasticity
occurs for nanowires having undulations that are less than 5% of the nanowire diameter.
The elastic stress field induced by a stacking fault promotes the nucleation of successive
stacking fault decahedrons (SFDs) at long distance, making it hard for necking to occur.
By comparing the tensile simulation using the steered molecular dynamics method with
the tensile simulation with periodic boundary condition (PBC), we show that a sufficiently
long nanowire must be used in the constant strain rate simulations with PBC, because
the plastic displacement burst caused by the SFD formation induces compressive stress,
promoting the removal of other SFDs. Our finding can serve as a guidance for the MD
simulation of crystalline materials with large plastic deformation and in the design of
mechanically reliable devices based on silver nanowires.
Keywords: molecular dynamics, dislocation, stacking fault decahedrons, distributed plasticity
Introduction
Silver nanowires have been widely used as building blocks in various electronic systems including
flexible antennas (Song et al., 2014), highly stretchable strain sensors (Liu and Choi, 2009; Amjadi
et al., 2014), transparent conductive films, and flexible conductors (Xu and Zhu, 2012) due to their
high conductivity and ease of synthesis (Zhang et al., 2005). Most of those applications are expected
to sustain cyclicmechanical loading and be used as components in wearable and flexible devices. For
example, silver nanowire–elastomer composite based piezoresistivity sensors experience complex
cyclicmechanical loading during their operation (Amjadi et al., 2014) and the nanowire-based touch
screen has also been tested under large bending and stretching (Xu and Zhu, 2012). The conductivity
of these devices is provided by a percolation network made of silver nanowires and their failure
highly depends on the integrity of the network. Therefore, for the reliable design of flexible devices,
it is essential to understand themechanical integrity of the silver nanowire under high strain beyond
the plastic limit as well as its recovery under unloading.
In addition, there is a fundamental interest in understanding the plasticity of silver nanowires,
for two reasons. First, silver nanowires have a unique penta-twinned structure when chemically
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synthesized (Zhang et al., 2005; Liu and Choi, 2009; Xu and
Zhu, 2012; Amjadi et al., 2014; Song et al., 2014). Nanostructures
incorporating nanotwins have been extensively studied with the
goal of simultaneously improving their strength and ductility.
Second, it is known that the plasticity of a sub-100 nm metal
specimen is driven by dislocation nucleation, and thus is very
different from bulk counterparts, in which plastic deformation is
governed by the motion of existing dislocations. Penta-twinned
nanowires can serve as a simple test bed for studying both the role
of twin boundaries (TBs) (Zhu and Gao, 2012) and the size effect,
together. For example, a few novel properties of penta-twinned
nanowires have been revealed including enhance elastic modulus
(Zhu et al., 2012), enhanced yield strength (Wu et al., 2006),
special multiple conjoint fivefold twins (Jiang et al., 2013a,b), and
thermal effects originated from the size effect and the TBs (Wu
et al., 2011).
Numerous computational and experimental studies have been
devoted to examining the plasticity of penta-twinned nanowires
(Cao and Wei, 2006; Wu et al., 2011; Filleter et al., 2012; Sun
et al., 2013; Zheng et al., 2014). It was found that the yield of the
nanowire initiates with dislocation nucleation from the surface,
and plastic deformation is accommodated by a chain of stacking
fault decahedrons (SFD) or stacking fault hats (SFH). Multiple
distributed plastic zones have been observed for sub-100 nm
nanowires, and their mechanism has been explained by the acti-
vation and deactivation of SFD chains at stress concentrations due
to a surface undulation. Recently, a recoverable plasticity has also
been reported by two independent studies (Bernal et al., 2014;
Qin et al., 2015) suggesting the crucial role of TBs in blocking the
propagation of stacking faults and promoting the recovery under
unloading.
However, molecular dynamics (MD) simulation studies have
not considered the irregular surface undulation, the high aspect
ratio of nanowires, and the stiffness of loading devices that are
inherent in experiments. While stress concentrations associated
with the irregular surface undulation have been suggested as the
origin of distributed plastic zones, there has been no MD simu-
lation that tests the assumptions. The large plastic displacement
burst induced by the formation of the SFD chainmay significantly
affect the stress–strain relationship if nanowires with small aspect
ratio are tested in MD simulations. Also, the constant strain rate
simulation with a periodic boundary condition (PBC) is equiva-
lent to the use of an infinite stiffness loading device, which may
result in a deformation mechanism that is different from the
experiments.
In this work, we employ MD simulations to study the effect
of the aforementioned factors in the deformation behaviors. We
found that the distributed plasticity occurs for nanowires with
undulations that are less than 5% of the nanowire diameter.
The elastic stress field induced by a stacking fault promotes the
delocalization of SFDs, making it hard for necking to occur.
For higher diameter undulation, the stress concentration is too
high to accommodate a separate plastic zone at a different stress-
concentration position. By comparing the tensile simulation using
the steered molecular dynamics (SMD) method with the tensile
simulation with PBC, we show that a sufficiently long nanowire
must be used in the constant strain rate simulations with PBC,
because the plastic displacement burst caused by the SFD forma-
tion induces compressive stress, which promotes the removal of
other SFHs or SFDs.
Materials and Methods
We employed LAMMPS (Plimpton, 1995) and MD++ (MD++;
http://micro.stanford.edu/MDpp) MD packages to study the
mechanical behavior of penta-twinned silver nanowires. The
interactions between atoms were described by embedded-atom-
method (EAM) potential. We tested two versions of EAM poten-
tials developed by Sheng et al. (2011) and Williams et al. (2006).
The diameter of the nanowires was around 20 nm, and two differ-
ent aspect ratios (6 and 12) were considered. The penta-twinned
nanowire has a <110> direction along the growth axis and five
single face-centered-cubic (FCC) crystals intersect at the {111}
TBs (Figure 1). To mimic the surface defects and diameter vari-
ation observed in experiments (Filleter et al., 2012; Bernal et al.,
2014), the nanowire has surface undulations along the axial direc-
tion (Agrawal et al., 2009) as shown in Figure 1B. At each cross
section of the undulation site, we considered an imaginary circle
of identical size but centered at a shifted position, and atoms above
the circle are removed. Themagnitude of shift is a sinusoidal func-
tion of the axial position with maximum being 5% of nanowire
diameter. We did not observe significant re-arrangements on
the undulation sites because there is no sharp surface step. The
undulation sites are equally spaced in all nanowires considered
in this study. The total number of atoms is about two million
for the nanowire with the aspect ratio 6 and four million for the
aspect ratio 12. Before the tension, the nanowires are equilibrated
at 300K by utilizing NPT ensemble for 600 ps and NVT ensemble
for 600 ps until long period vibration modes decay. Time step and
damping parameters are chosen as 1 fs and 0.1, respectively. The
A
B
FIGURE 1 | (A) The configuration of the silver nanowire with aspect ratio 6 in
perspective view. The black line is the twin boundaries. The two black arrows
indicate the sinusoidal shaped undulation. (B) The circular cross section of
the penta-twinned nanowire.
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average length of nanowire during the NPT equilibration is used
as the reference length for computing engineering strain.
The tensile loading was performed with two methods. One is
the conventional tensile simulation where the simulation box is
expanded with a constant rate under PBC. The other is the SMD
method where one end of the nanowire is pulled by an imaginary
spring while the other end is fixed. For both simulations, we
used the time step of 1 fs. The tensile loading simulation of the
conventional method was performed at 300K under canonical
ensemble (NVT) with an engineering strain rate of 0.1 ns 1 until
fracture occurred.We increase the size of the simulation cell in the
loading direction every 10 ps with a fixed strain increment (0.001)
and run NVT simulations for 10 ps until it reaches equilibrium.
We then measured the average stress, and repeated the elongation
and NVT simulation sequence multiple times. The virial stress
formula was used to calculate the atomic stress of the nanowires
(Pendás, 2002; Zimmerman et al., 2004).
For the SMD method, one end of nanowire is fixed and the
other end of nanowire is pulled by a virtual spring. On the
onset of plasticity, a large plastic strain burst occurs that can-
not be captured by the conventional PBC method. Due to the
compliance of the virtual spring, the SMD method is suitable
for capturing the large strain while it cannot apply a perfect
displacement control. When performing SMD method, we chose
the spring constant to be comparable to the stiffness of the
120 nm-long nanowires, and the pulling speed of the spring was
chosen to achieve the engineering strain rate of 0.1 ns 1. Dur-
ing SMD simulation, the temperature was kept at 300K using
identical thermostats. To analyze the dislocation structure in
the plastic zone, we visualized the dislocation lines with differ-
ent colors according to their category using OVITO (Alexan-
der, 2010) and Crystal Analysis (Alexander and Karsten, 2010)
packages.
Results
First, we compare the deformation behavior of two nanowireswith
and without diameter undulation (~5% of diameter), as described
by the Sheng potential. For the pristine nanowire, the plastic zone
is initiated at a random point and extends for a long distance by
forming SFD chains, as depicted in Figure 2A. In contrast, the
deformation of the nanowire with the undulation is accommo-
dated by two distinct plastic zones, activated around the stress
concentrated regions, which is similar to the distributed plasticity
observed in experiments (Filleter et al., 2012; Bernal et al., 2014)
(Figure 2B).
Interestingly, for the nanowire with undulations, the plastic
zone extends for a large distance before necking occurs, as it does
in the pristine nanowire. We found that the toughness moduli,
evaluated by integrating the stress–strain curve from zero to frac-
ture strain, are almost identical for the two cases (Figure 2D),
which indicates that the nanowire accommodates a large plastic
deformation despite the presence of stress concentration. Due to
this tendency to develop a non-localized plastic zone, the penta-
twinned nanowire is tolerant to small surface undulations and
can absorb a large amount of energy until failure. This may
explain why highly stretchable sensors or touch screens based on
the nanowire percolation network can sustain significant cyclic
loadings (Xu and Zhu, 2012; Amjadi et al., 2014; Narayanan
et al., 2014; Yang et al., 2014; Wang et al., 2015). To analyze the
dislocation structures, we drew a double Thompson tetrahedron
to visualize the Burgers vector of dislocation of the FCC structure
(Figure 2C). The most predominant dislocation is the Shockley
partial with the Burgers vector 1/6<112>a (the lines painted
green color in the Figure)which represents the leading and trailing
part of the stacking fault planes in the SFD chains. The next dom-
inant partial dislocation with Burgers vector 1/9<222>a (black
A B
C D
FIGURE 2 | An array of snapshots of (A) a pristine nanowire and (B) a
nanowire with undulations at different strains. The PBC method was
used to simulate the nanowires with the same potential developed by Sheng
et al. Atoms with high central symmetry values are selectively visualized, and
the line color indicates the type of dislocations. (C) Double Thompson
tetrahedron painted with different colors by categorizing Burgers vector: red,
perfect dislocation with 1/2<110>a; black, through twin partial with
1/9<222>a; blue, stair-rod dislocation with 1/6<110>a; purple, Frank
partial with 1/3<111>a; yellow, Hirth partial with 1/3<001>a; green,
Shockley partial with 1/6<112>a. The color coding is the same in the
dislocation line of MD snapshots. (D) Stress–strain curve obtained from
tensile simulations of two nanowires.
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color in figure) is formed at the intersection between the stacking
fault and the TB (Bernal et al., 2014).
To probe whether the observed behavior was independent of
the empirical potential choice as well as the small aspect ratio,
we compared the tensile simulations of nanowires having four
undulation sites with larger aspect ratio (12), using both Sheng
and Mishin potentials (Figures 3A–C). The different results from
the potentials are originated from different choices of fitting prop-
erties (Williams et al., 2006; Sheng et al., 2011). Still, regardless
of the potential type, we observed the activation of a distinct
plastic zone around the undulation sites, and found that some
of SFD chains remained until the fracture took place, although
the amount of plastic deformation was different between the two
potential models.
Nevertheless, theMD simulations indicated that the distributed
plasticity is an intrinsic property of the penta-twinned nanowire,
independent of length, potentials, and the number of surface
undulations. Yet, we note that the abrupt reduction of stress fol-
lowing the SFD chain formation has not been observed in tensile
tests in experiments (Filleter et al., 2012; Bernal et al., 2014). This
may be attributed to the remarkably high strain rate or the much
smaller diameter used in simulation. Further research is necessary
to clarify this issue.
To understand the origin of the SFD chain formation, we
calculated the energy barrier for the formation of a stacking
fault plane in the presence of another stacking fault by using
the modified nudged elastic band (NEB) methods (Figure 4A)
(Ryu et al., 2011). Due to high computational cost, we considered
nanowires with smaller diameters (6, 8, 10, and 12 nm). For the
diameter of 12 nm, the minimum occurs at a distance of around
3.5 nm (3.31 nm for Sheng potential and 3.61 nm for Mishin
potential), as shown in Figure 4C. Also, the energy barrier is sig-
nificantly smaller than the initial stacking fault nucleation energy
barrier in the pristine nanowire at the same stress. This explains
why, with smaller diameter, the propagation of SFH chains occurs
away from the stress-concentration region. We found that the
most probable successive nucleation distance δ between the first
SFH and second SFH is linearly proportional to the diameter of
the nanowire D (Figure 4B), with the ratio δ ~ 0.28D. This linear
relationship implies that the observed energy minimum may be
caused by an elastic stress field induced by the first SFH.
We illustrated the elastic stress field in the nanowire when a
single stacking fault presents at 0 K, as shown in Figures 4D,E.
The Von-Mises stress of atoms at the surface maximizes around
3 nm, which is close to the most probable nucleation distance δ.
Von-Mises stress is calculated from six components of virial stress
of each atom, with atomic volume of silver in bulk (10.3 cc/mol)
(Wang et al., 1997). We also visualized the Von-Mises stress field
of a single crystal nanowire under the same strain (0.04) at 0 K.
As shown is Figures 4D,E, the stress field induced from a stacking
fault in a single crystal nanowire does not have stress concentra-
tion, which clearly shows the role of the TBs in the distributed
A
B
C
FIGURE 3 | An array of snapshots of AgNWs with different potentials, (A) Mishin and (B) Sheng with the aspect ratio of 12. (C) The stress–strain curves of
AgNWs which have the same aspect ratio (12) and different EAM potential. The PBC method was applied to obtain the snapshots and stress–strain curves.
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A
B C
D E
FIGURE 4 | (A) The initial and the final configurations for energy barrier
calculations. (B) The distance from the first SFH which makes the optimal value
as a function of the diameter of AgNWs. The aspect ratios are the same as 3
and the potential is Sheng. (C) Energy barrier with respect to the distance from
the first SFH with Sheng potentials. The diameter of the nanowires is 12 nm and
the aspect ratio is 3. (D) The Von-Mises stress fields in the presence of a
stacking fault on the (111) plane for penta-twinned and single crystal nanowire
having identical diameter and aspect ratio. Mishin EAM potential is used.
(E) The Von-Mises stress of atoms which are located at the surface of two types
of AgNWs as a function of the distance.
plasticity of the penta-twinned nanowire. The mismatch between
the energy barrier calculation and surface Von-Mises stress plot
occurs because the nucleation barrier depends on the integral
of the stress field within the dislocation loop at the transition
state, not solely on the surface stress. Still, we can conclude that
the elastic stress field induced by the stacking fault plane in a
penta-twinned nanowire reduces the nucleation barrier of another
stacking fault plane, promoting the formation of a long SFH chain,
much like a catalytic reaction.
Next, we studied the effect of nanowire length on the deforma-
tion behavior. Although the nanowire tested in these experiments
was about a fewmicrometers long, mostMD simulations consider
a nanowire a few tens of nanometers scale, because of the com-
putational cost (Cao and Wei, 2006; Agrawal et al., 2009; Zheng
et al., 2014) with PBC. Nevertheless, that is not enough to fully
mimic in simulations the actual experimental conditions. Espe-
cially for penta-twinned nanowires, the displacement from a large
plastic strain burst is not negligible compared to the nanowire
length. For conventional tensile simulations with strain control
using PBC, the plastic strain burst in the nanowire induces large
stress reduction that effectively causes a significant drop in elastic
stress. To overcome the artifacts from the plastic strain burst, we
performed the tensile simulation using the SMDmethod.
We noticed a few differences in deformation behaviors between
the two tensile testing methods. First, the extent of the SFH
chain after the fracture is much larger in the case of the SMD
simulation (Figures 5A,B). The large plastic strain burst fromSFH
chain formation is accommodated well in the SMD method by
length extension. However, the strain burst occurs within a fixed
nanowire length in the PBC method and gives rise to internal
compressive stress within the nanowire, promoting the removal
of SFHs.
The stress–strain curves manifest the differences between the
twomethods (Figure 5C). Amuch sharper stress drop is observed
after the initial SFH chain nucleation in PBC due to the reduction
of elastic tensile stress caused by the plastic strain burst. In con-
trast,Figure 5D shows that the nanowire length increases abruptly
on the verge of plastic deformation under tensile loading by the
SMD method. When the nanowires are stretched to the failure
strain, the size of the plastic zone remains smaller for the PBC
methodbecause a large portion of SFHare removed by the internal
compressive stress.
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A
B
C D
FIGURE 5 | (A) Snapshots of AgNW when the method of simulation is
affine deformation by deforming simulation box (PBC method). The
black arrows indicate the locations of the undulation sites
(B) Snapshots obtained from the SMD method. The potential is the
same as Mishin and the configurations of the nanowires are also the
same (D=20 nm, AR= 6). (C) Stress–strain curve with different
methods to simulate uni-axial tensile test, and (D) the length
increment as a function of time.
Conclusion
In summary, we studied the distributed plasticity of penta-
twinned silver nanowires by performing large scale MD
simulations.We observed distributed plasticity when the diameter
undulationwas<5% for two different empirical potentials. Amul-
tiple plastic zone formation was explained by dislocation nucle-
ation from local stress concentrations in the undulated region,
which leads to SFH chain propagation. The catalytic formation of
the SFH chain is caused by the reduction of the nucleation energy
barrier due to the concentrated elastic stress field.
The effects of nanowire length and the loading device stiff-
ness were investigated by comparing two tensile testing methods.
We found that the plastic strain burst by the SFH chain induces
a moderate compressive stress in the simulation cell, causing
excessive removal of SFHs. Such an artifact of simulation can be
overcome by employing the SMDmethod, in which the nanowire
can accommodate large plastic strain burst by length extension.
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